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Abstract Coronavirus disease 2019 (Covid-19) caused by

severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) is a pandemic disease which has affected more

than 6.2 million people globally, with numbers mounting

considerably daily. However, till date, no specific treatment

modalities are available for Covid-19 and also not much

information is known about this disease. Recent studies

have revealed that SARS-CoV-2 infection is associated

with the generation of thrombosis and coagulopathy. Fun-

damentally, it has been believed that a diverse array of

signalling pathways might be responsible for the activation

of coagulation cascade during SARS-CoV-2 infection.

Henceforth, a detailed understanding of these probable

underlying molecular mechanistic pathways causing

thrombosis in Covid-19 disease deserves an urgent explo-

ration. Therefore, in this review, the hypothetical crosstalk

between distinct signalling pathways including apoptosis,

inflammation, hypoxia and angiogenesis attributable for the

commencement of thrombotic events during SARS-CoV-2

infection has been addressed which might further unravel

promising therapeutic targets in Covid-19 disease.
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Abbreviations

SARS-CoV-2 Severe acute respiratory syndrome

coronavirus 2

ACE-2 Angiotensin-converting enzyme 2

TF Tissue factor

PAI-1 Plasminogen activator inhibitor-1

uPA Urokinase

tPA Tissue plasminogen activator

AT Antithrombin

APC Activated protein C

PS Phosphatidylserine

NF-jB Nuclear factor-kappa B

HIFs Hypoxia inducible factors

VEGF Vascular endothelial growth factor

PI3K Phosphoinositide-3-kinase

AKT Protein kinase B
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Introduction

Coronavirus disease 2019 (Covid-19), a respiratory illness

caused by severe acute respiratory syndrome coronavirus-2

(SARS-CoV-2) was firstly emerged in Wuhan city, China

and subsequently resulted in an ongoing pandemic.

According to WHO Covid-19 dashboard, approximately

64,603,428 confirmed cases and 1,500,614 deaths cases

were reported globally up to 4th December, 2020 (available

at https://covid19.who.int). The range of Covid-19 infec-

tion is extensive with regularly encountered complications

including pneumonia, sepsis and acute respiratory distress

syndrome (ARDS) (available at https://www.cdc.gov). The

major burden is constantly escalating the rate of mortality

owing to Covid-19 infection. Till date, there are no

potential therapeutic modalities or vaccines available to

deal with Covid-19 pandemic. Therefore, it is urgently

required to explore additional biotherapies which may

primarily target SARS-COV-2 virus and eventually impact

morbidity and mortality burden. It is assumed that the

development of novel treatment strategies could be only

possible after detailed understanding of pathophysiology of

SARS-CoV-2 in the human system. In the recent scenario,

thrombotic complications appear to arise as a major con-

cern in Covid-19 subjects and are increasingly gaining

attention. Interestingly, the severity of Covid-19 infection

has been interconnected with the severity of coagulopathy

with high rates of venous and arterial thrombosis, pro-

gression to critical illness and mortality [1, 2]. Addition-

ally, the pathophysiological course of events related to

microvascular thrombosis in Covid-19 patients provides an

elucidation of life threatening complications related to

cerebrovascular, myocardial ischemia, microcirculatory

and macrocirculatory thromboembolic [3]. Strikingly,

the better understanding about detailed description of

the potential triggers responsible for Covid-19–associated

coagulopathy is underlined. With this background, the

present review article will focus on possible underlying

molecular mechanisms of coagulopathy caused by SARS-

CoV-2. It is believed that comprehensive understanding of

distinct downstream mechanistic pathway involving apop-

tosis, inflammation, hypoxia and angiogenesis account-

able for coagulopathy involving thrombotic manifestations

may provide novel therapeutic strategies to combat Covid-

19 infection.

Overview of Coagulation Process

Endothelial cells play a prominent role in maintaining the

homeostasis , keep blood in a fluid state and also act in

response to coagulation during injury in order to prevent

exsanguination [4]. Therefore, it is mandatory to maintain a

perfect balance between pro- and anti-coagulant factors to

carry out proper functioning of the physiological system.

The process of formation of blood clot is highly ordered

and it involves three important components i.e. endothelial

cells, platelets and coagulation factors. It occurs in

sequential manner through primary homeostasis, secondary

homeostasis/coagulation and fibrinolysis. Generally, initi-

ation of clotting process arises in response to any damage

to the vasculature and in turn, stimulates platelet activat-

ing- and pro-coagulant factors. Primary homeostasis is

based on the formation of homeostatic platelet plug due to

von willebrand factor (VWF), as a sensitive marker for

the activation of endothelial cells whereas during injury,

activated platelets further foster secondary homeostasis by

offering cell-surface phospholipids. Secondary homeostasis

essentially serves to activate the coagulation system lead-

ing to formation of covalently cross-linked fibrin which

eventually strengthen platelet plug and lead to a

stable platelet–fibrin clot. It is regulated through two dif-

ferent initial pathways such as contact activation (intrinsic)

pathway and tissue factor (TF) dependent (extrinsic)

pathway which converge at factor X to induce thrombus

formation by conversion of fibrinogen to fibrin (Fig. 1i).

The coagulation cascade is regulated by numerous protein

factors present in an inactive state. The intrinsic coagula-

tion pathway is usually triggered by factors completely

restricted within the vasculature which results in the con-

tact induction of factor XII (FXII) followed by the subse-

quent activation of various downstream protein reactions

responsible for formation of prothrombin to thrombin and

eventually, fibrin network. Conversely, the extrinsic sys-

tem or TF dependent pathway is considered as the principal

in vivo blood coagulation pathway which involves the role

of both blood and vascular elements. Tissue factor

(sometimes also refer as thromboplastin), a transmembrane

glycoprotein complex in response to vascular endothelial

cell damage activates factor FVII (FVIIa; proconvertin)

which causes proteolytically induction of diverse inactive

factors such as FIX to IXa and FX to Xa and ultimately,

participates in the conversion of fibrinogen to fibrin.

Interestingly, coagulation cascade is controlled by varied

inhibitory pathways. The first mechanism comprises of

circulating pro-coagulant inhibitors including inhibitors of

thrombin such as anti-thrombin and heparin cofactor II as

well as inhibitor of tissue factor (TFI) pathway. There are

other two circulating coagulation inhibitors such as protein

C and protein S, a cofactor of activated protein C (APC).

On the other hand, second inhibitory mechanism proceeds

through endothelium bound modulators such as heparin

sulphate and thrombomodulin which further augment the

inhibitory activity of antithrombin and protein C respec-

tively. The third inhibitory pathway, typically known as
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fibrinolytic system is profoundly involved in the degrada-

tion of the fibrin strands. This system is initiated by tissue

plasminogen activators (tPA) and urokinase (uPA) which

converts plasminogen to plasmin, and hydrolyses poly-

merised fibrin strands into soluble fibrin degradation

products, thus degrading the fibrin clot. It is not surprising

that any massive activation of the coagulation system

results in a subsequent increase in the blood clotting and

eventually consumptive coagulopathy or even disseminated

intravascular coagulation (DIC). Most importantly, DIC,

characterized by activation of the coagulation system is

accompanied by inhibition of anticoagulant mechanisms,

constituting the accessibility of antithrombin, decreased

activity of protein C-protein S-thrombomodulin system

and impairment in the fibrinolytic response which slows

down the coagulation mechanism [5, 6].

Furthermore, various clinical and molecular studies

have postulated the linkage of viral infection and throm-

botic risk. The endothelial injury is a paramount charac-

teristic of viral infection and this alters homeostasis

directly or indirectly [7]. Consistent with this notion,

impairment in coagulation and fibrinolysis mechanisms has

been observed in a number of viral infections such as ebola

virus [8] and dengue virus [9], herpes simplex, adenovirus,

parainfluenza virus, echovirus, poliovirus, measles, human

immunodeficiency virus(HIV), mumps, cytomegalovir-

us(CMV), and human T-cell leukemia virus which may

impair coagulation by directly infecting the endothelial

cells [8, 10–14].

Implication of SARS-CoV-2
in Coagulation Process

It is well established that respiratory tract exposure is the

major route of SARS-CoV-2 transmission. Generally,

SARS-CoV-2 enters host cells via the binding of viral

spike (S) proteins to angiotensin-converting enzyme 2

(ACE2) receptors, a metallopeptidase and S protein prim-

ing for the serine protease, Transmembrane protease, serine

2 (TMPRSS2) [15, 16]. ACE2 is a homolog of ACE which

converts angiotensin II to angiotensin 1–7, responsible for

mitigating renin-angiotensin system-related vasoconstric-

tion. Notably, ACE2 is broadly expressed in variety of

human organs including nasopharynx, oropharynx, lungs,

stomach, small intestine, spleen, liver, kidney and brain.

However, ACE2 receptors are densely present in the lungs,

heart, veins and arteries [17].

During direct damage of endothelial cells, SARS-CoV-2

also supposed to enter the lungs via the endothelial cells.

SARS-CoV-2 exploits ACE2 receptors for their direct

entry into endothelial cells and thereby leads to direct

injury of endothelial cells. The expression of ACE2

receptors for SARS-CoV-2 has been observed in arterial

and venous endothelial cells in various human tissues

[16, 17]. Likewise, the expression of TMPRSS-2 has been

also previously reported in human endothelial cells which

may alter among microvascular and macrovascular beds as

well as across organs [18]. Researchers have visualized

viral inclusion structures in endothelial cells using electron

microscopy. In spite of ACE2, other receptors such as

CD209L and vimentin which have been suggested to act as

recognized receptors of SARS viruses are expressed in

endothelial cells [19, 20]. Notably, it has also been pro-

posed that SARS-CoV-2 may also be transported via air-

borne particulate matter (diameter B 2.5 lm) to endothe-

lial cells which traverse the alveolar-capillary barrier fol-

lowed by deposition on the vascular endothelium via

specific receptors [21, 22].

Consequently, endothelial damage during SARS-CoV-2

entry leads to shift in the balance of the vasculature

towards vasoconstriction and thereby, causing organ

ischaemia, tissue oedema, accountable for inflammation

and a procoagulant state. This statement is also further

corroborated by numerous other clinical studies reporting

prevalence of thromboembolic anomalies as well as coag-

ulopathy including venous thromboembolism, pulmonary

embolism and disseminated intravascular coagulation

(DIC) in Covid-19 patients [23]. Likewise, the prevalence

of these coagulation abnormalities or formation of intra-

alveolar or systemic fibrin clots in SARS-CoV-2 infected

patients with severe respiratory disease has been

attributable to vascular inflammation and endothelial defect

which finally contribute to the onset and development of

endothelial dysfunction as well as defective coagulation.

Basically, the participation of dysfunctional endothelial

cells in above mentioned thrombo-inflammatory processes

may predispose the consequences of Covid-19 induced

vasculopathy as well as clinical phenotype of ARDS.

Recent autopsy studies of Covid-19 patients have

observed fibrin thrombi within distended small vessels as

well as capillaries and widespread extracellular fibrin

deposition. Recent study has confirmed that venous

thromboembolism (VTE) rate is 4.8% and the overall

thrombotic complication rate is 9.5% in Covid-19 patients

[24]. However, other study has observed 31% prevalence

of thrombotic events in 184 severe cases of Covid-19

disease [25]. Preliminary clinical studies have reported that

patients infected with Covid-19 usually onset thrombocy-

topenia and also display raised D-dimer ([ 1000 ng/mL),

fibrin degradation products or fibrinogen factor VIII, or von

willebrand factor ([ 150 U/mL), prolonged prothrombin

time ([ 16 s), disseminated intravascular coagulopathy

(DIC) which become even higher with escalating severity

of Covid-19 illness [24]. Most notably, elevated levels of

D-dimer and fibrin degradation products are considered as
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reliable predictive marker for the risk of a thrombotic event

and mortality rate in Covid-19 patients [25]. Moreover, in

combination, platelet count ([ 450 9 109/L), C-reactive

protein (CRP;[ 100 mg/L) and erythrocyte sedimentation

rate (ESR;[ 40 mm/h), fibrinogen ([ 400 mg/dl), ferritin

([ 500 lg/L) and procalcitonin ([ 0.5 lg/L) are also

mentioned as additional markers for the prediction of

thrombosis in hospitalized Covid-19 patients [24].

Possible Involvement of Several Molecular
Mechanistic Strategies during SARS-CoV-2-
Mediated Coagulation

Although the relationship between SARS-CoV-2 and

coagulation has been addressed but the molecular mecha-

nisms attributable for the coagulation related complications

during SARS-CoV-2 infection has not been investigated.

But it seems to be regulated by several pathways related to

apoptosis, inflammation, hypoxia and angiogenesis.

Henceforth, in the following section of this review article,

the detailed potential role of myriad molecular signalling

pathways related to aforementioned parameters has been

elucidated which might assist to perceive therapeutic tar-

gets for evading Covid-19 infection.

Role of Apoptosis in SARS-CoV-2-Mediated
Coagulation

In vitro human and animal studies have demonstrated that

diverse stimuli including viral provoked programmed cell

death of endothelial cells of the vasculature is suggestive of

apoptosis as one of important mechanisms triggering vas-

cular injury, vascular leak, inflammation and coagulation.

In vitro studies revealed that adherens junction proteins are

degraded followed by disruption in barrier function during

endothelial cell apoptosis [27]. Subsequently, in vivo it can

result in vascular leak and stimulate inflammation in the

neighbouring tissues by plasma components including

complement and coagulation constituents. Moreover,

apoptotic endothelial cells can also become pro-adhesive

for platelets and leukocytes [28, 29] as well as pro-coag-

ulant [30] which further facilitatecoagulation. Importantly,

if apoptotic cells are cleared efficiently, they become pro-

coagulant and lead to thrombotic disorders [30, 31].

SARS-CoV-2 may infect endothelial cells expressing

receptor ACE2 molecule for viral adhesion. In addition to

affecting immune and inflammatory status, it also results in

induction of endothelial apoptosis. SARS-CoV-2 ORF3a-

SARS-CoV-encoded accessory protein ORF3a showed

weaker pro-apoptotic activity in cells [32]. The apoptosis

of endothelial cells can perturb crucial cellular mechanisms

maintaining the biocompatibility shield between the cir-

culating blood flow and tissues. As already discussed in

detail, apoptosis of endothelial cells can trigger complica-

tions of coagulation as well as development of prothrom-

botic state including local and disseminated thrombus

formation [33]. It was evidenced with endothelial cell

bFig. 1 i. A detailed overview of tissue factor (TF) dependent
(extrinsic) and contact activation (intrinsic) coagulation path-
way- The coagulation process is an intricate process regulated

through a series of clotting factors. In TF dependent (extrinsic)

cascade, the endothelial cells release TF which convert factor VII to

factor VIIa and subsequently factor VIIa convert factor X into active

form of factor Xa. On the other hand, the contact activation (intrinsic)

coagulation pathway initiates with the activation of a zymogen factor

XII–XIIa via the participation of kinin–kallikrein system in response

to endothelial damage. The factor XIIa acts as a catalyst to convert

factor XI to factor XIa. Further, factor XIa then goes on to convert

factor IX to factor IXa. Finally, factor IXa turns inactive factor X into

active factor Xa. Both intrinsic and extrinsic pathway converges at

one point which is factor Xa and so known as common pathway. The

activated factor Xa cleaves prothrombin into thrombin by the

involvement of factor V. Further, thrombin transforms fibrinogen

into fibrin by factor XIIIa which in turn form fibrin mesh to stabilize

the platelet plug. *Antithrombin (AT) prevents coagulation by

inhibiting thrombin and factor XIIIa. *Plasmin also hinders the

formation of stabilized fibrin clot by activating the process of

fibrinolysis. *The activated protein C (APC) and activated protein S

(APS) anticoagulant system also act to prevent coagulation, especially

by inactivating factors V and VIII. ii. Proposed schematic diagram
showing underlying mechanism of SARS-CoV-2 mediated apop-
tosis which can modulate coagulation cascade- a SARS-CoV-2

enters via ACE-2 receptor of endothelial cells and might induce

apoptotic stimuli by ORF3a SARS-CoV-encoded accessory protein

ORF3a. b In endothelial cells, anionic phosphatidylserine (PS) is

generally sequestered in the cytoplasmic inner leaflet of the plasma

membrane by ‘flippase’ while external apoptotic response stimulates

the translocation/exposure of PS from inner to the outer leaflet

through lipid transporter via ‘scramblase’. c and d Interestingly,

translocation of PS to the outer leaflet will activate TF (extrinsic)

dependent coagulation pathway through conversion of inactive factor

(FVII) to active form (VIIa) as well as also promote contact activation

(intrinsic) coagulation pathway via the activation of various zymogen

factors (FXII, FXI, FIX) to its active forms (XIIa, XIa, IXa) which

finally converge at common pathway via activation of FX to Xa,

prothrombin to thrombin, fibrinogen to fibrin and eventually stabi-

lized fibrin clots and thrombus. The dashed arrow ( )

designates mechanistic pathway undergo through numerous steps and

soild arrow ( ) shows common transformations from one

active factor to another factor. Green arrow ( ) describes

activation whereas red blunt arrow ( ) indicates inhibition.

Abbreviations—TF: tissue factor, PAI-1: plasminogen activator

inhibitor-1, Upa: urokinase, tPA: tissue plasminogen activator, AT:

antithrombin, APC: activated protein C, APS: activated protein

S, SARS-CoV-2: severe acute respiratory syndrome coronavirus 2,

ACE-2: angiotensin-converting enzyme 2, PS: phosphatidylserine,

ORF3a: SARS-CoV-encoded accessory protein ORF3a
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death after SARS-CoV-2 infection directly or immune

mediated through histopathological analysis [34].

Colmenero et al. has also proposed that endothelial cell

damage and endotheliitis induced by SARS-CoV-2 could

be a key mechanism for vascular damage during patho-

genesis of COVID-19 chilblains [35]. An early onset of

rapid viral replication has been linked with massive

endothelial cell apoptosis and vascular leakage [36].

Recent studies have demonstrated that SARS-CoV-2

induces endothelial cell death which further augments the

process of thrombosis and simultaneously, leads to ARDS

and multiorgan failure [37, 38].

Several apoptotic endothelial cell-mediated mechanisms

have been suggested to be responsible for predisposition of

prothrombotic state. One of the important mechanisms is

related to alterations in asymmetry of phospholipid bilayer

including outer exposure of anionic phospholipid phos-

phatidylserine (PS) which is a fundamental feature of

apoptosis. PS externalization occurs through caspase

mediated cleavage and inactivation of the ‘flippase’ and

activation of ‘scramblase’, another lipid transporter pro-

tein which is induced by activated caspases [39]. Con-

comitantly, PS exposure to the outer leaflet in apoptotic

cells stimulate the coagulation pathway which have been

widely observed in number of apoptotic cells including

endothelial cells and many other cells [40] (Fig. 1ii).

The exposed PS exhibits a shorter coagulation time as well

as an increased FXa, thrombin and fibrin formation.

Experimental evidence has showed that translocated PS on

uremic endothelial cell outer surface offered membrane-

binding sites for FVa/FXa and also favours the assembly of

prothrombinase complex, thrombin generation and fibrin

deposition [41]. The exposed PS provides the pro-coagu-

lant surface as a docking site for the generation of various

active enzyme–substrate complexes of the coagulation

cascade, particularly tenase [active factor IX (IXa), its
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cofactor factor VIII (VIIIa), the substrate (factor X) and

calcium ions] and prothrombinase complexes [active factor

(Xa), its cofactor factor (Va), prothrombin, calcium ions

and platelet phospholipids] .

The presence of PS on outer leaflet of plasma membrane

of apoptotic cells provides a catalytic site for the activator

of the contact activation (intrinsic) system, FXII which

may undergo auto-activation and contribute to apoptosis

related procoagulant activity. Indeed, it is also believed that

PS may also recruit two other components of contact

activation system such as prekallikrein and kininogen

which further increase the activation of FXII [42].

The activated FXII further leads to the formation of

intrinsic tenase complex and eventually, promotes blood

clotting. Therefore, it can be inferred that apoptotic cell

membrane may serve as a catalytic surface for assembly

and activation of the contact activation system .

Additionally, apoptotic cells have been also reported to

stimulate the coagulation system by upregulating the sur-

face expression of tissue factor (TF), an initiator for the

extrinsic coagulation cascade [43]. It has been postulated

that apoptosis associated with cell membrane alterations

would result in an enhanced procoagulant activity of TF

[44]. In consistent with this fact, PS in the outer leaflet of

the apoptotic cell has been reported to maintain the activity

of TF at the cellular surface [45]. Although it is well

documented that PS remarkably augments the enzymatic

activity of TF-FVIIa towards its substrates such as factors

IX and X [46], but the molecular mechanisms of this

phenomenon is still not known. Upon injury to endothelial

cells, TF, a membrane bound cofactor comes in contact

with circulating blood followed by interaction with FVII

which causes further subsequent activation of the coagu-

lation pathway. Simultaneously, apoptotic cell death also

lead to the release of microparticles, spherical structures of

size between 100 and 1000 nm made up of outer cell

membrane. These microparticles can externalize PS and

express membrane antigens on their surfaces [47]. The

exposure of PS on cells and MPs provides binding sites for

factor FXa and prothrombinase complex and thereby ini-

tiates coagulation cascade. Moreover, TF-bearing

microparticles also display profound characteristics of pro-

coagulant state by engaging PS [48].

However, viable comprehensive mechanistic approach

of apoptosis in inducing coagulation during SARS-CoV-2

infection is still need to be investigated. It has been

hypothesized that the detailed mechanism may be followed

by SARS-CoV-2 to initiate apoptosis mediated coagulation

and indeed, might prove beneficial to identify therapeutic

targets against SARS-CoV-2 related coagulopathy .

Effect of Inflammatory Response on SARS-CoV-2-
Mediated Coagulation

Remarkably, viral infections elicit systemic inflammatory

as well as endothelial dysfunction response which results in

imbalance between procoagulant and anticoagulant home-

ostatic pathways. It is noteworthy that persistent inflam-

matory status in severe cases of SARS-CoV-2 infection

may act as one of the most imperative activator for the

coagulation cascade. Thus, it has been speculated that

SARS-CoV-2 virus might exploit inflammatory mecha-

nistic approach in order to mediate thrombotic events

(Fig. 2). SARS-CoV-2 infection influence extensively both

innate and adaptive immune defense system [49]. Indeed,

an innate immune response protects host cells from initial

infection and takes place well before the onset of adaptive

response. The innate defense system comprises of spe-

cialized proteins and various cellular components such as

dendritic cells (DCs), macrophages, and natural killer (NK)

cells. During viral infection, these activated innate cells

typically recognize an extensive array of viral products

using pattern-recognition receptors (PRRs) and induce

transcription factors including activator protein 1 (AP 1),

nuclear factor kappa-light-chain-enhancer of activated B

cells (NF-jB) and interferon regulator factors (IRF3 and

IRF7) which are accountable for production of interferons

(IFNs), pro-inflammatory cytokines and chemokines. The

recruitment of receptor-interacting protein 1 (RIP1) and

TNF receptor-associated factors 2 and 6 (TRAF2/6) may

activate transcription factors such as NF-jB and AP1. This

pathway finally degrades inhibitor of jB (IjB) which

thereby, releases NF-jB which is attributable for over-

production of pro-inflammatory cytokines [interleukin

(IL)-6, IL-1b, IL-8 and tumour necrosis factor alpha (TNF-

a)], also known as ‘cytokine storm’ and chemokines [50].

On the basis of previous literature, NF-jB, is the main

gauge of cytokine storm during inflammatory conditions

[50, 51]. It is believed that the onset of inflammatory storm

further may lead to endothelial dysfunction, inflammation

and disseminated intravascular coagulation (DIC),

responsible for alveolar dysfunction, ARDS and ultimately

multi-organ failure and death. These consequences are

corroborated by evidences showing DIC in the severe

cases of Covid-19 infection [28, 52].

A number of mechanistic pathways have been proposed

regarding the close association of pro-inflammatory

response including immune components in the coagulation

processes (Fig. 2). Importantly, systemic inflammation can

stimulate coagulation cascade by activating thrombin

generation, down-regulating anticoagulant mechanisms, as

well as inhibiting fibrinolysis in a positive feedback loop

manner. During inflammatory response, innate immune

392 Ind J Clin Biochem (Oct-Dec 2021) 36(4):387–403

123



cells including monocytes and neutrophils may mediate TF

expression, causing the subsequent activation of coagula-

tion process [53, 54]. The inflammatory activation of

neutrophils triggers the contact pathway of coagulation via

FXI and FXII which form neutrophil extracellular traps

(NETs) with the clusters of DNA, histones and other

Fig. 2 . Probable diagrammatic description of the basic mechanism

of SARS-CoV-2 infection induced inflammation mediating coagula-

tion pathway- a SARS-CoV-2 infection has been reported to be

associated with an increased activation of innate immune system

which are known to activate NF-jB, a key transcription factor that

activates numerous genes involved in the cellular immune response

responsible for ‘cytokine storm’ (TNF-a, IL-6, IL-2 and MCP1) and

inflammation. NF-jB signalling cascade in endothelial cells is

capable of regulating both pro-inflammatory and coagulatory

responses. b NF-jB triggers neutrophils which upon full activation

expel their DNA in conjunction with histones and other associated

proteins and lead to the formation of NETs via PAD4-mediated

histone citrullination responsible for inducing a strong coagulatory

response. c the target genes of NF-jB are cell adhesion molecules

(CAMs) such as ICAM-1, VCAM-1 and E-selectin which are

expressed on the surface of endothelial cells and intervene the ad-

herence as well as transmigration of leukocytes including monocytes,

neutrophils, lymphocytes, macrophages and platelets to the vascular

wall and this further triggers increasing their thrombogenic potential.

d The infiltration of inflammatory cells and leukocyte–platelet

conjugates to the endothelium activates VWF, an another important

prothrombotic factor on the endothelium which allows the aggrega-

tion of platelets leading to the thrombus formation, e NF-jB is known

to activate the transcription of various targeting genes significant to

thrombosis including TF and FXII which ultimately converge at

common pathway of the thrombus synthesis. f cytokine storm induced

by NF-jB is also known to modulate both TF dependent and contact

activation pathway. g cytokine storm also activates VWF, a

prothrombotic factor for platelets aggregation responsible for

the thrombus formation. The dashed arrow ( ) entitles

respective pathway comprises of multiple steps and soild arrow

( ) shows general alterations in respective pathway. Green

arrow ( ) shows activation whereas red blunt arrow ( )

denotes inhibition Abbreviations—SARS-CoV-2: severe acute respi-

ratory syndrome coronavirus 2, NF-jB: nuclear factor- kappa B,

TNF-a: tumor necrosis factor- a, IL-6: interleukin-6, IL-2: inter-

leukin-2, MCP1: monocyte chemoattractant protein-1, NETs: neu-

trophil extracellular traps, PAD4: peptidylarginine deiminase 4,

CAMs: cell adhesion molecules, ICAM-1: intercellular adhesion

molecule-1, VCAM-1: vascular cell adhesion molecule-1, VWF: von

willebrand factor
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associated proteins [55]. Furthermore, NETs have been

observed in vessels in the autopsy specimens of Covid-19

patients [56]. On the other hand, NF-jB signalling cascade

is capable of regulating pro-adhesive and pro-coagulant

phenotypes owing to its involvement in endothelial cells in

response to stress conditions. In vitro studies have revealed

that important proinflammatory cytokines [including TNF-

a, IL-1b, Interferon gamma (IFN)-c] and thrombin are the

strong activator of NF-jB in endothelial cells [57]. In

endothelial cells, NF-jB drives full expression of adhesion

molecules such as intercellular adhesion molecule 1

(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1)

and endothelial-leukocyte adhesion molecule-1 (E-se-

lectin) which facilitate adherence of inflammatory cells

including monocytes, neutrophils, lymphocytes, and mac-

rophages to the vascular wall [58–60]. Additionally, NF-

jB also mediates the expression of coagulation factors

such as factor VIII and TF in combination with a con-

comitant decrease in anticoagulatory factors including TF

pathway inhibitor (TFI), antithrombin or thrombomodulin

[61]. It results in the activation of both the extrinsic and

intrinsic coagulation cascade, leading to the thrombin

generation and finally coagulation. Interestingly, thrombin

induces NF-jB–dependent genes which forms a positive

feedback loop and further intensify coagulation [62].

Moreover, at the same time, NF-jB impairs fibrinolysis by

mediating type 1 plasminogen-activator inhibitor (PAI-1)

expression which is indicative of an activated coagulation

process. Thus, induction of NF-jB may display clinical

manifestations of sepsis, DIC and multiple organ dys-

function [63].

Since NF-jB triggers the release and/or the generation

of myriad pro-inflammatory cytokines in a positive feed-

back loops which further results in so-called ‘cytokine-

storm’ [64]. These pro-inflammatory cytokines exert a

pivotal role in the coagulation, anticoagulant and fibrinol-

ysis mechanisms at multiple levels during DIC and sepsis.

In vitro studies have observed that a number of cytokines

such as TNF-a, IL-1a, IL-1b, IL-6, IL-8, leukemia inhi-

bitory factor, IFN-c and monocyte chemoattractant protein

1 (MCP-1) stimulate TF formation and von willebrand

factor (VWF) from endothelial cells and monocytes, acti-

vators of coagulation cascade [65]. During viral infection,

cytokines also exert direct chemotactic effects on the

infiltration of NK cells which increases their binding to

vascular endothelial cells. Numerous experimental results

and observational studies have supported a link between

IL-6 and increased risk of vascular thrombosis and

thromboembolism [66]. During an early phase of inflam-

matory response, IL-6 induces the release of pro-inflam-

matory cytokine/chemokines (IL-6, IL-8, MCP-1) by

endothelial cells [67] and hence, causing endothelial dys-

function, accountable for capillary leakage, hypotension,

and coagulopathy [66]. Moreover, cytokines can also

influence the protein C-protein S-thrombomodulin system

which overall impairs the anticoagulant function.

Endothelial cell culture and animal studies have indicated

that TNF-a and IL-1 enhance the pro-coagulant response

by down regulating expression of thrombomodulin and

protein C synthesis [68, 69]. In vitro reports have shown

that both TNF-a and IL-1 act as anti-fibrinolytic compo-

nents by inducing PAI-1 production in the vascular

endothelium which is indicative of the rapid inactivation of

fibrinolysis [70]. In context to these results, cytokines such

as IL-1b, IL-6 and IL-2 has been reported to cause

hypercoagulation and activation of coagulation cascade in

Covid-19 patients with severe symptoms [71, 72]. The role

of IL-2 in the pathophysiology of Covid-19 has been

supposed to be implicated owing to its direct action on the

endothelium. Moreover, elevation in TNF-a levels has also

been correlated with coagulation dysregulation in patients

infected with SARS-CoV-2 virus [73].

With this background, it has been supposed that SARS-

CoV-2 can exploit NF-jB -mediated signalling mechanism

to promote thrombotic events and hence, NF- jB or its

activator Ijj-b at multiple levels can be directly targeted to

deal with SARS-CoV-2 -mediated coagulation. Hence-

forth, it is mandatory to carry out extensive research to

evaluate the possible role of inflammatory signalling axis

on thrombotic mechanism in Covid-19 disease which

might direct future therapeutic strategies to deal with

SARS-CoV-2-associated coagulation.

Role of Hypoxia Mediated Coagulation
during SARS-CoV-2 Infection

Hypoxic conditions generally establish during trauma

related to respiratory diseases including chronic obstructive

pulmonary disease (COPD), emphysema, bronchitis,

pneumonia, and pulmonary edema. Interestingly, Covid-19

disease, a respiratory illness also displays the characteris-

tics of hypoxia and dyspnea conditions [74]. Clinical and

laboratory studies have revealed that Covid-19 induced

hypoxia can facilitate overt clot formation which affect

the survival and mortality rate in patients [75]. A con-

temporary study has also postulated that extracellular RNA

(eRNA) of SARS-CoV-2 could activate hypercoagulation

via Toll-like receptors 3 (TLR3) mediated signalling under

hypoxic conditions [76]. Earlier studies have revealed a

number of ways are responsible for induction of hypoxia

mediated coagulation. Therefore, it is thought that SARS-

CoV-2 may utilize these multiple pathways, attributable for

SARS-CoV-2-mediated coagulation under hypoxic condi-

tions (Fig. 3).
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During viral infection, hypoxia triggers hypoxia-in-

ducible factor 1 (HIF-1) mediated signalling which further

can prompt several downstream effects [77]. It has been

observed that there exist a strong association between

hypoxia, endothelial dysfunction and thrombus formation.

Vascular response to hypoxia is regulated mainly by HIFs

which include several target factors for the regulation of

thrombus formation [78]. In fact, the onset of hypoxia turns

on phosphatidylinositol-3 kinase/protein kinase B /the

mammalian target of rapamycin (PI3K/Akt/mTOR) sig-

nalling axis which influences on the activation of HIFs.

HIF-1 is a heterodimeric DNA-binding protein which

comprises of regulatory a-subunit (HIF-1a) and a consti-

tutively expressed b-subunit (HIF-1b). The functional

active form of transcription factor, HIF-1 is achieved by

binding of HIF-1a with subunit HIF-1b in the nucleus and

recruiting p300/CBP acetyltransferases. This complex

trigger several target genes by binding to their hypox-

ia response elements (HRE), which is located within or

near around the promoter region of HIF-1 target genes. The

accumulation of active complex of HIF-1a, HIF-1b and

p300/CBP acetyltransferases in the nucleus causes tran-

scriptional upregulation of HIF-1 which can directly target

the process of blood clotting [79]. Particularly, targets of

activated HIF-1 regulate prothrombotic factor, TF which

favours the formation of stabilized fibrin clot and eventu-

ally thrombus generation [80]. Hypoxia may also lead to a

concomitant decrease in levels of thrombomodulin activity

and protein S which suggests an increased risk for the

consequences of thrombosis [81, 82]. In addition, hypoxia

also suppresses fibrinolytic system by enhancing PAI-1

expression as well as repressing plasminogen activators

[83].

Another mechanistic approach for thrombosis caused by

hypoxia and HIFs activation is the increased formation of

neutrophil extracellular traps (NETs) which are DNA fibres

comprises of histones and antimicrobial proteins mediated

via peptidylarginine deiminase 4 (PAD4)-regulated histone

citrullination. NETs are embedded in the vasculature and

have been reported to impact blood clotting by recruiting

red blood cells, promoting fibrin deposition, and inducing a

red thrombus [84, 85].

Besides this, HIF activation stimulates the expression of

hypoxia-inducible adhesive integrins of endothelial cells

responsible for stimulating thrombus formation. With the fact

that hypoxia harbours an increased endothelial adhesion to

fibrinogen via integrin aVb3 and endothelial cell–cell inter-

actions via aVb3 and aVb5 [86, 87]. The endothelial adhe-

sion to fibrinogen facilitates platelet activation and

aggregation, essential for the thrombus formation [88].

Earlier studies have also revealed an alternative strategy

of coagulation development during hypoxia by Toll-like

receptors 3 (TLR3) mediated NF-jB/ AP-1 signalling in

endothelial cells in response to the viral infections [89].

Hypobaric hypoxia mediates TF activation and deposition

of fibrin via TLR3 signalling [76]. In fact, hypoxic con-

ditions can lead to TLR3 activation by extracellular RNA

(eRNA) which further induces TLR3/ TIR-domain-con-

taining adapter-inducing interferon-b (TLR3/TRIF) sig-

nalling as well as TLR3/tumor necrosis factor receptor

(TNFR)-associated factor 6/ TGF-b-activated kinase

(TLR3/ TRAF6/ TAK) signalling axis for NF-jB and AP-1

induction respectively. Notably, stimulation of NF-jB and

AP-1 prompt monocyte infiltration, TF expression and

hypercoagulation [76, 90, 91].

As a result, it is thought that SARS-CoV-2 can also

exploit above discussed pathways which are account-

able for Covid-19 infection mediated thrombosis under

hypoxic conditions. Henceforth, a wide analysis of mech-

anisms associated with hypoxia induced thrombotic events

during SARS-CoV-2 infection is urgently required in order

to alleviate thrombogenic effects during infection by

targeting specific molecules.

Effect of Angiogenesis Induced Coagulation
during SARS-CoV-2 Infection

It is well documented that viruses may regulate an angio-

genic microenvironment via direct or indirect manner

through several ways such as by affecting the synthesis of

viral chemokines, growth factors and/or receptors, activa-

tion of blood vessels, modulation of activity of cellular

proteins as well as induction of a local or systemic

inflammatory response. Besides this, viruses generally

affect frequent signalling pathways related to angiogenesis

which further lead to variations in endothelial cell prolif-

eration, migration and vascular permeability. Importantly,

vascular endothelial growth factor (VEGF) is major indu-

cer of angiogenesis involved in mediating vascular

remodeling, proliferation and differentiation of endothelial

cells as well as vascular leakage and permeability.

Importantly, VEGF appears to be an important player in

the pathogenesis of many viral diseases [92]. In consistent

with above mentioned findings, high levels of serum VEGF

levels have been reported in patients infected with SARS-

CoV-2 in comparison to the healthy controls [73, 93]. The

concentrations of VEGF were constantly higher in both

ICU and non-ICU Covid-19 patients as compared to con-

trols. VEGF-D has been also identified as a potential

marker for the severity of Covid-19 infection [95]. Clinical

observations have indicated an interconnection between

angiogenic and coagulation pathways [96, 97]. The authors

have perceived that elevated VEGF levels might be sig-

nificantly connected to the storm of blood clots in Covid-19

patients [95]. Moreover, histopathological analysis of
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the pulmonary vessels has showed prevalent thrombosis

with microangiopathy in patients with Covid-19 disease

[98]. Fundamentally, VEGF, a potent angiogenic factor

plays a crucial role in the maintenance and protection of

endothelial cells. VEGF acts as an indirect pro-coagulant

which activates endothelial cells to become prothrombotic

via binding to cell surface receptors, known as vascular

endothelial growth factor receptor (VEGFR). There are

diverse pathways including phosphoinositide-3-kinases/

phospho-protein kinase B (PI3K/AKT/PKB), rat sarcoma/

rapidly accelerated fibrosarcoma/mitogen-activated protein

kinase kinase/phospho-extracellular signal-regulated kina-

ses (RAS/RAF/MEK/ERK) and p38 mitogen-activated

protein kinase (MAPK) stimulated by VEGF responsible

for endothelial cells survival, proliferation and migration

which causes an induction of pro-coagulant factors in

endothelial cells (Fig. 4) [99].

Of course, VEGF is capable of upregulating TF expression

which is a glycoprotein expressed by endothelial cells [100].

Earlier studies in support to this contention have reported

VEGF may affect the homeostasis of thrombotic process by

stimulating the expression of TF in endothelial cells via the

formation of the TF–factor VIIa complex which initiates

extrinsic coagulation cascade and generate thrombin

[101, 102]. Of particular note, VEGF may also act as an

indirect procoagulant by mediating vascular hyperperme-

ability which results in leakage of plasma proteins such as

prothrombin and fibrinogen into the extracellular matrix

[103]. Subsequently, the conversion of prothrombin into

thrombin is followed by platelet adhesion and activation as

well as production of fibrin from fibrinogen. Finally, the

antithrombotic surface of the vasculature will transform into a

prothrombotic one, causing the synthesis of stabilized

thrombus. Earlier observations have demonstrated an essen-

tial role of VEGF in the pathogenesis of acute lung injury

(ALI) and ARDS through its characteristics to augment vas-

cular permeability [103, 104].

Therefore, it is of great significance to develop VEGF

inhibitors which may provide therapeutic strategies to treat

Covid-19 patients effectively. Thus, there is an urgent need

to unravel mechanistic pathways at molecular level in order

to verify the role of VEGF in SARS-CoV-2 mediated

coagulatory events.

The Integrated Molecular Insights of Mechanistic
Pathways Including Hypoxia, Inflammation,
Apoptosis and Angiogenesis during SARS-CoV-2
Mediated Thrombosis

Regarding to the SARS-CoV-2 modulation effect on

thrombosis, it has been considered that several coordinated

signalling cascades might be dependable for the activation

of coagulation cascade which are highly complex and also

interconnected to each other. Thus, it has been speculated

that hypoxia may act a key feature of the complete

framework which can perpetuate distinct cellular signaling

pathways related to inflammation, apoptosis and angio-

genesis during SARS-CoV-2 infection and subsequently,

bFig. 3 The hypothetical explanation of crucial mechanism for

SARS-CoV-2 infection supported hypoxia which is accountable for

the induction of coagulation cascade - a Due to SARS-CoV-2

infection in the alveoli of lungs, the phenomenon of oxygen exchange

becomes disturbed due to deposition of proteinaceous liquid and fluid

in the alveoli and interstitial space respectively and the capillaries

become leaky. The resulting condition causes the deprivation of an

adequate oxygen supply at the tissue level, generally known as

hypoxia, b. the alveolar hypoxia signal is propagated retrogradely

along the vascular endothelium and thereby also conveys its

damaging effects on vasculature directly by activation of varied sig-

nalling cascades, c. In the endothelial cell, hyoxia as a stress signal

induces major molecular sensors, mainly HIF-1 by activating PI3K/

AKT/mTOR pathway which subsequently causes recruitment of HIF-

1 a and b in complex with CBP and p300 transcriptional coactivators

to the nucleus, d. Further, HIF-1 a and b in complex with CBP and

p300 binds to the region of HRE and thereby enhance the gene

expression of HIF-1, e. the activated HIF-1 in the endothelial cells

mediates TLR3 signalling through eRNAs as ligands which causes

the nuclear translocation of transcription factors, namely, NF-jB and

AP-1, e. the stimulation of TLR3/TRIF signalling pathway causes the

activation of NF-jB, f. Consecutively, TLR3/TRAF6/TAK signalling

cascade also supports AP-1 induction, g. All together, these signalling

mechanisms may affect coagulation cascade, for example, HIF-1

prompts neutrophil activation which in turn, form NETs via PAD4-

mediated histone citrullination responsible for inducing a strong

coagulatory response, h. HIF-1 augments endothelial adhesion to

fibrinogen via integrins which induces platelet activation and

aggregation, essential for thrombosis, i. Moreover, activated HIF-1

upregulates the expression of TF and thereby, leads to TF dependent

coagulation pathway. At the same time, HIF-1a also inhibits

thrombomodulin-protein C, an anticoagulant system in addition to

plasminogen activator of fibrinolysis. Subsequently, this contributes

to enhance the pro-coagulant activity of endothelial cells, j. Likewise,
HIF-1 induced both NF-jB and AP-1 also facilitates TF dependent

(extrinsic) coagulation pathway dependable for clot formation. The

dashed arrow( ) designates mechanistic pathway undergo

through numerous steps and solid arrow ( ) specify

common transformations from one active component to another.

Green arrow ( ) describes activation whereas red blunt arrow

( ) indicates inhibition. Abbreviations– SARS-CoV-2–

severe acute respiratory syndrome coronavirus 2, NF-jB– nuclear

factor- kappa B, HIFs– hypoxia inducible factors, HIFs-a and b–
hypoxia inducible factors a and b, PI3K– phosphoinositide 3-kinases,

AKT– protein kinase B, mTOR– The mammalian target of

rapamycin, CBP– CREB binding protein, p300– E1A binding

protein 300, HRE– hypoxia response element, TLR3– toll like

receptors 3, eRNAs– extracellular RNAs, AP-1– activator protein 1,

TRIF– TIR-domain-containing adapter-inducing interferon-b,
TRAF6– Tumor necrosis factor receptor-associated factor 6, TAK–

Transforming growth factor b (TGFb)-activated kinase, NETs–

neutrophil extracellular traps, PAD4– peptidylarginine deiminase 4,

TF– tissue factor
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these diverse stimuli can further assemble at a convergence

point of the blood clotting cascade (Fig. 5).

A growing body of evidence has indicated a significant

interaction between hypoxia (HIF-1) and inflammatory

(NF-jB) signalling. Both inflammation and hypoxia are

associated to each other at the molecular level. Essentially,

both hypoxia (HIFs) and inflammation (NF-jB) share

several common stimuli, regulators and target genes [105].

In fact, hypoxia activates NF-jB through IKKb activation

via suppressing the activity of prolyl hydroxylase 1 (PHD1)

[106]. Under latent conditions, NF-jB is predominantly

present with its co-repressor molecule IjB in the the

cytosolic compartment. On the other hand, oxygen deficit

conditions elicit IjBa phosphorylation at serine 32 and

serine 36, followed by ubiquitination and thereafter

degradation proteolytically by the 26S proteosome. Sub-

sequently, the nuclear localisation sequence of NF-jB is

then exposed and free to translocate and accumulate in the

nucleus. Thereafter, it becomes transcriptionally active by

binding to specific jB sites within the promoter regions of

its target genes [107]. As discussed earlier, NF-jB is a

fundamental mediator of inflammation and, thus primarily

involved in the molecular links between inflammatory and

thrombotic processes. Interestingly, there are number of

target genes induced by NF-jB activation including

inflammatory genes (TNF-a, IL-1, IL-6, IL-8, macrophage

inflammatory protein 1 alpha, methyl-accepting chemo-

taxis protein), cell surface adhesion molecules (E-selectin,

VCAM 1, ICAM 1) and several clotting factors (TF, factor

VIII, PAI-1) involved in the cascade of both inflammation

and coagulation [53–55, 57, 65].

On the other hand, onset of hypoxia can also execute the

process of apoptosis. In response to hypoxia, an intricate

balance occurs between several factors that can impact on

the process of apoptosis directly or indirectly. The chief

regulator of the hypoxia response is hypoxia inducible
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factor-1 (HIF-1) that can bind to hypoxia response element

(HRE; 50-RCGTG-30) sequences in the promoter regions of

HIF-1 target genes to modulate the gene expression of

several adaptive pathways including apoptosis [108, 109].

HIF-1 has been reported to stimulate apoptotic pathways

through diverse mechanisms. One mechanistic approach

occurs through hyperpermeability of inner mitochondrial

membrane causing the release of cytochrome C into the

cytosol. This results in the activation of apoptotic protease

activating factor 1 (Apaf-1) followed by formation of an

oligomeric apoptosome which stimulates the caspase cas-

cade that commits the cell to apoptosis. Another

mechanism carried out by hypoxia for initiation of apop-

tosis is the activation of proapoptotic protein, B-cell lym-

phoma 2 (Bcl-2) adenovirus E1B interacting protein 3

(BNIP3) in endothelial cells which triggers cell death by

inhibiting the antiapoptotic effect of B-cell lymphoma 2

(Bcl-2) and B-cell lymphoma xL (Bcl-xL) or by stabilising

wild-type p53 [110]. Alternatively, third mechanism

involves stimulation of c-Jun NH2-terminal kinase/stress

activated protein kinase (JNK/SAPK) signalling pathway

which initiates apoptotic cascade via an unknown mecha-

nism [111]. Most importantly, it has been already men-

tioned that induction of apoptosis causes externalization of

Fig. 4 Possible representation illustrating fundamental mecha-
nism of angiogenesis activated coagulation pathway in Covid-19
disease- a. SARS-CoV-2 infection causes hypoxia which activates

major molecular sensor, mainly hypoxia induced genes (HIFs), b. HIF-1
is known to increase VEGF levels which in turn, activate VEGF receptor

2 (VEGFR2) on endothelial cells in an autocrine and paracrine manner.

The activated VEGFR2 further supports endothelial cell survival,

proliferation and migration via varied signalling pathways, c. Infact,

VEGF-VEGFR2 induction carries out PI3K/AKT/PKB signalling for the

survival of endothelial cells. d. Further, VEGFR2 activation promotes

endothelial cell migration pathway by mediating P38/MAPK signalling

mechanism, e. Additionally, VEGF-VEGFR2 favors Ras/Raf/Mek/

Erk signalling for the proliferation of endothelial cells, f. Interestingly,
these signalling mechanisms promote TF dependent coagulation path-

way by stimulating the formation of TF-VIIa complex which generates

active factor Xa through the involvement of VIIIa and Ca2?. The active

factor, Xa is required for the synthesis of cross-linked fibrin clots,

necessary for the thrombus synthesis. The dashed arrow ( )

illustrates respective mechanism occurs through a number of steps and

solid arrow ( ) denotes universal switch of signal from one

active component to another component. Green arrow ( )

describes activation whereas red blunt arrow ( ) describes

inhibition. Abbreviations- Covid-19– coronavirus disease 2019, SARS-

CoV-2– severe acute respiratory syndrome coronavirus 2, VEGF–

vascular endothelial growth factor, VEGFR2– vascular endothelial

growth factor receptor 2, PI3K– phosphoinositide-3-kinases, AKT/PKB–

protein kinase B, P38MAPK– p38 mitogen-activated protein kinases,

Ras– rat sarcoma, Raf– rapidly accelerated fibrosarcoma, Mek– mitogen-

activated protein kinase kinase, Erk– extracellular signal-regulated

kinases, TF– tissue factor, Ca2?– calcium ions
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Fig. 5 The overall hypothetical outline of integrated approach of

distinct signalling axis for the stimulation of coagulatory mechanism

during Covid-19 infection a. The infection of SARS-CoV-2 in the

lungs generates a condition of hypoxia followed by the activation of

PI3K/Akt/mTOR signallingwhich ultimately stimulates HIF-1 by

forming a complex of HIF-1a and HIF-1b in combination with

transactivators including CBP and P300, b. The activated HIF-1

complex turns on the direct expression of VEGF, essential for the

process of angiogenesis, c. HIF-1 also triggers expression of NF-jB, a
transcription factor by activating of IKK complex (IKKa, IKKb and

IKKc) to phosphorylate the inhibitor of the classical pathway (IjBa),
resulting degradation by its proteasomes. The transcriptionally active

classical NF-jB heterodimer (p50:p65) then gets free to enter the

nucleus and affect transcription of inflammatory genes, d. Simulta-

neously, HIF-1 also enhances apoptotic response by facilitating

mitochondria to release cytochrome C and activates caspase 3.

Likewise, HIF-1 can activate BNIP3 which binds Bcl-2/Bcl-xl and

activates proapoptotic protein, Bax. HIF-1 also causes the stabiliza-

tion of p53, required for apoptosis. JNK/SAPK signalling activated

by HIF-1 can also initiate apoptotic cascade through an unknown

mechanism. These signalling activation by HIF-1 can trigger the

process of apoptosis, followd by PS externalization, Collectively,

hypoxia induced mechanisms including inflammation, angiogenesis

and apoptosis can further direct to the establishment of thrombotic

cascades. The dashed arrow ( ) indicates mechanistic

pathway undergo through numerous steps and solid arrow (

) illustrates transfer of signal from one active compound to another

compound. Green arrow ( ) shows activation whereas red blunt

arrow ( ) depicts inhibition. Abbreviations- Covid 19–

coronavirus disease 19, SARS-CoV-2– severe acute respiratory

syndrome coronavirus 2, NF-jB– nuclear factor- kappa B, IKK–

inhibitor of nuclear factor- kappa-B kinase, IKKa– inhibitor of

nuclear factor- kappaB kinase subunit alpha, IKKb– inhibitor of

nuclear factor- kappa-B kinase subunit beta, IKKc– inhibitor of

nuclear factor- kappaB kinase subunit gamma, HIFs– hypoxia

inducible factors, HIFs-a and b– hypoxia inducible factors a and b,
PI3K– phosphoinositide- 3-kinases, AKT/PKB– protein kinase B,

mTOR– the mammalian target of rapamycin, CBP– CREB binding

protein, p300– E1A binding protein 300, VEGF– vascular endothelial

growth factor, BNIP3– B-cell lymphoma 2 (Bcl-2) adenovirus E1B

interacting protein 3, Bcl-2– B-cell lymphoma 2, Bcl-xl– B-cell

lymphoma xl, JNK– c-Jun NH2-terminal kinase, SAPK– stress

activated protein kinase, PS– phosphatidylserine
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PS on outer leaflet of biological cell membrane which is

coupled to activation of the blood coagulation cascade

[45].

Accumulating evidences have also suggested the strong

connection between hypoxia and angiogenesis. Hypoxia

directly induces the expression of genes related to angio-

genesis such as VEGF. HIF-1 mediated signalling is a

primary regulator of VEGF during hypoxic conditions

[112]. As mentioned above, hypoxia suppresses the activity

of prolyl hydroxylases followed by stabilization and

dimerization of HIF-1a with HIF-1b which finally

translocates to the nucleus. Thereafter, this complex binds

hypoxia response elements (HREs) within the promoters of

target genes, for example, VEGF and mediates its expres-

sion. Further, VEGF family members interrelate with their

receptors (VEGFR-1,-2,-3) which lead to different bio-

logical consequences including induction of blood clotting

process. It has been discussed that VEGF, a chief stimu-

lator of angiogenesis can activate endothelial cells to

become prothrombotic by increasing TF expression on

their membranes for the activation of the coagulation

process [100–102].

Collectively, it has been hypothesized that hypoxia can

act as a main culprit for initiating overall thrombotic events

during SARS-CoV-2 infection by involving complex

agenda of diverse signalling axis related to apoptosis,

inflammation and angiogenesis. However, by understand-

ing underlying mechanistic approach for the activation of

blood clotting cascade, where the pathways can be regu-

lated, as well as the circumstances of the stimuli, these

studies could provide exceptionally useful information that

eventually should be used to unmask novel therapeutic

schemes against during Covid-19 mediated thrombosis.

Future Perspectives

Owing to the present pandemic scenario, it has become

more challenging for health care settings to develop any

therapeutic molecules to treat Covid-19 disease, yet due to

insufficient data on disease pathogenesis. Notwithstanding,

scientists and clinicians are critically making all efforts to

understand about SARS-CoV-2 virus as well as the man-

agement of its Covid-19 disease. Recent studies have

revealed that SARS-CoV-2 infection is associated with

coagulopathy of varying degrees as a result of the profound

endothelial activation/damage. Additionally, the pathology

of Covid-19 is further exacerbated with the progression of

thrombosis. With this concern, in this review, innovative

analysis of distinct downstream molecular sig-

nalling mechanisms related to the manifestations of

thrombotic events during Covid-19 disease has been

delineated. Thus, it has been hypothesized that, during

SARS-CoV-2 infection, onset of hypoxia may acts as a key

player driving many molecular mechanisms including

apoptosis, inflammation and angiogenesis which ultimately

underpin pathological thrombosis. Fascinatingly, it has

been believed that any direct or indirect inhibition of

underlying molecular pathways including hypoxia,

inflammatory, apoptotic and angiogenic may alleviate the

progression of thrombosis during SARS-CoV-2 infection.

Though it is only a hypothetical approach, however, an

extensive research is needed to understand the role of

abovementioned diverse molecular signalling pathways in

SARS-CoV-2 mediated coagulopathy which might prevent

or mitigate the consequences derived from rapidly

spreading SARS-CoV-2 infection and hence, could be

beneficial to combat Covid-19 disease.

Acknowledgements We here acknowledge the management

of M.M. Institute of Medical Sciences and Research (MMIMSR),

Maharishi Markandeshwar University (MMU) Mullana, Ambala, -

Haryana, India

Author Contributions IR has designed the concept of study and has

made figures of the article. AG has written and edited the original

draft of manuscript. RP has supervised for final approval of the ver-

sion to be submitted. PG and AP done revision of article draft criti-

cally as well as also reviewed manuscript. SP has done final editing

and formal analysis of the article draft.

Funding None.

Declarations

Conflict of interest There is no conflict of interest.

References

1. WHO. Novel coronavirus: China. 2020. Available from: https://

www.who.int/csr/don/12-january-2020-novel-coronavirus-

china/en/.

2. CDC. 2019 Novel coronavirus, Wuhan, China. 2020. Available

from: https://www.cdc.gov/coronavirus/2019-nCoV/summary.

html.

3. Harenberg J, Favaloro E. COVID-19: progression of disease and

intravascular coagulation:present status and future perspectives.

Clin Chem Lab Med. 2020;58(7):1029–36.

4. Al-Ani F, Chehade S, Lazo-Langner A. Thrombosis risk asso-

ciated with Covid-19 infection a scoping review. Thromb Res.

2020;192:152–60.

5. McFadyen JD, Stevens H, Peter K. The emerging threat of

(Micro)thrombosis in COVID-19 and its therapeutic implica-

tions. Circ Res. 2020;127(4):571–87.

6. Yau JW, Teoh H, Verma S. Endothelial cell control of throm-

bosis. BMC Cardiovasc Disord. 2015;15:130.

7. Palta S, Saroa R, Palta A. Overview of the coagulation system.

Indian J Anaesth. 2014;58(5):515–23.

8. Johari V, Loke C. Brief overview of the coagulation cascade.

Dis Mon. 2012;58(8):421–3.

9. Mackow ER, Gorbunova EE, Gavrilovskaya IN. Endothelial cell

dysfunction in viral hemorrhage and edema. Front Microbiol.

2014;5:733.

400 Ind J Clin Biochem (Oct-Dec 2021) 36(4):387–403

123

https://www.who.int/csr/don/12-january-2020-novel-coronavirus-china/en/
https://www.who.int/csr/don/12-january-2020-novel-coronavirus-china/en/
https://www.who.int/csr/don/12-january-2020-novel-coronavirus-china/en/
https://www.cdc.gov/coronavirus/2019-nCoV/summary.html
https://www.cdc.gov/coronavirus/2019-nCoV/summary.html


10. Hensley LE, Geisbert TW. The contribution of the endothelium

to the development of coagulation disorders that characterize

Ebola hemorrhagic fever in primates. Thromb Haemost.

2005;94:254–61.

11. Jiang Z, Tang X, Xiao R, Jiang L, Chen X. Dengue virus reg-

ulates the expression of hemostasis-related molecules in human

vein endothelial cells. J Inf Secur. 2007;55:23–8.

12. Friedman HM, Macarak EJ, MacGregor RR, Wolfe J, Kefalides

NA. Virus infection of endothelial cells. J Infect Dis.

1981;143(2):266–73.

13. Friedman HM, Wolfe J, Kefalides NA, Macarak EJ. Suscepti-

bility of endothelial cells derived from different blood vessels to

common viruses. vitro Cell Dev Biol. 1986;22(7):397–401.

14. van Gorp EC, Suharti C, ten Cate H, Dolmans WM, van der

Meer JW, ten Cate JW, Brandjes DP. Review: infectious dis-

eases and coagulation disorders. J Infect Dis. 1999;180:176–86.

15. Geisbert TW, Hensley LE, Jahrling PB, Larsen T, Geisbert JB,

Paragas J, et al. Treatment of Ebola virus infection with a

recombinant inhibitor of factor VIIa/tissue factor: a study in

rhesus monkeys. Lancet. 2003;362:1953–8.

16. Antoniak S, Mackman N. Multiple roles of the coagulation

protease cascade during virus infection. Blood.

2014;123:2605–13.

17. Becker RC. Toward understanding the 2019 Coronavirus and its

impact on the heart. J Thromb Thrombolysis. 2020;50:33–42.

18. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler
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